Although it is well known that the pulmonary circulation is altered in patients with pulmonary arterial or venous hypertension, the resultant hemodynamic behavior has not been systematically studied. We undertook to do so in a group of patients with pulmonary hypertension of diverse etiology. We measured pulmonary arterial (PAP) and occlusive wedge pressures and cardiac output at rest (i.e., standing) and during progressive upright treadmill exercise in 51 patients. Forty-two had chronic, stable, cardiac failure secondary to ischemic, myopathic or valvular heart disease and were grouped according to whether their mean PAP was less than (normotensive) or greater than (hypertensive) 19 mm Hg, and nine had pulmonary vascular disease of diverse etiology and were considered separately. In the majority of patients, we found that irrespective of whether the hypertension was arterial or venous in origin or etiology: (1) the mean PAP-flow relationship was linear; (2) pulmonary capillary wedge pressure was greater than or equal to the average closure pressure of the pulmonary vascular bed and could therefore be used as the downstream pressure in calculating pulmonary vascular resistance; and (3) pulmonary vascular resistance declined with exercise. Notable exceptions to the third observation were patients with valvular heart disease or a resting pulmonary vascular resistance -5 greater than 800 dyne-sec-cm Circulation 72, No. 6, 1270-1278, 1985 THE HEMODYNAMIC behavior of a vascular bed can be characterized by the relationship between blood flow and the pressure gradient. In the absence of external forces, the pressure gradient is simply the difference between the upstream or arterial and the downstream or venous pressure. However, because most of the pulmonary vasculature is contained within the parenchyma of the lung, it is subjected to extravascular pressures that result in a critical closure pressure. 1 2 It is not certain whether this pressure normally exceeds the venous pressure and therefore the calculation of the true pressure gradient of the pulmonary circulation remains uncertain. In the isolated lung preparation, in
which a curvilinear relationship exists between arterial pressure and flow, the nonlinear portion is most evident at either low levels of blood flow'.2 or high lung volumes.2 In intact ventilated animals, in which it is possible to control pulmonary venous and alveolar pressure and to keep both constant, the pressure drop or gradient to flow relationship is linear over a wide range of flows in the physiologic range. ' The nature of the pressure-flow relationship in the pulmonary circulation of man has previously been explored by various techniques to alter pulmonary blood flow such as exercise, balloon occlusion, or crystalloid infusion.4 However, few observations are available on this relationship for abnormnal pulmonary circulation in which disease has created pulmonary arterial or venous hypertension. For example, in patients with left heart failure, mitral valve disease, or pulmonary vascular disease, the critical closure pressure and the hemodynamic behavior of the pulmonary circulation may be seriously altered.5 '6 Therefore, the purpose of this study was to estimate the average closure pressure and to characterize the relationship between pressure drop and flow in the pulmonary circulation of patients with and without pulmonary arterial or venous hypertension of different degrees of severity and etiology. To obtain multiple pressure and flow data points, hemodynamic monitoring was performed in these patients during progressive upright treadmill exercise.7'8 Methods Fifty-one patients form the basis of this report. They were selected from a larger group of 68 patients, which represented the total number of patients referred to the Cardio-Pulmonary Evaluation Laboratory for a cardiopulmonary exercise evaluation with hemodynamics over a 4 year period. Patients were rejected because of an inability to complete more than one stage of exercise or because pertinent hemodynamic data were not obtained. Of those selected, 42 had chronic stable left ventricular heart failure of varying severity secondary to either idiopathic dilated cardiomyopathy (24 patients), valvular heart disease (nine patients), or ischemic heart disease (nine patients). Of the nine patients with valvular heart disease, three had mitral valve incompetence, four aortic valve incompetence, and two combined mitral and tricuspid valve incompetence. Nine other patients had biopsy-proven pulmonary vascular disease; in five the vascular disease was attributable to pulmonary emboli, scleroderma, hypersensitivity pneumonitis, sarcoidosis, or berylliosis, and in four the etiology was unknown.
At the time of study, all patients had been clinically stable for at least 6 months. All but two of the patients with cardiac disease were receiving diuretics and digitalis, whereas only one patient with pulmonary vascular disease was receiving medication (warfarin). Six patients had chronic atrial fibrillation while the others were in sinus rhythm. Three of the patients with pulmonary vascular disease had severe gas transfer abnormalities (i.e., the diffusing capacity, as measured by the single-breath CO uptake method was less than 30% of predicted). Two of these patients had either mild or moderate obstructive lung disease, with the ratio of forced expired volume in 1 sec to forced vital capacity being 65% and 45%, respectively. The third patient had restrictive lung disease as demonstrated by a reduced vital capacity (i.e., 48% of predicted) and normal airflow. In the remainder of the patients the presence of significant intrinsic pulmonary disease was excluded either by history or routine pulmonary function tests.
Protocol and measurements. The protocol and consent form were japproved by the institutional review board of this hospital. After obtaining informed consent, all patients underwent right heart catheterization using a flotation catheter that was advanced into the pulmonary artery through an antecubital vein. Each patient was then exercised in the upright position to exhaustion according to a treadmill program (table 1) that consisted of 2 min stages of progressive work.7 Increments in work were obtained by varying either treadmill speed, treadmill grade, or both.
The electrocardiogram (modified V5) and pulsatile pulmo-nary artery pressure, together with measurements of breath-bybreath expired oxygen and carbon dioxide partial pressures and air flow, were monitored continuously during exercise as described in detail elsewhere.8 Briefly, the breathing apparatus consisted of a mouthpiece, a nose clamp, and a low-resistance two-port, unidirectional valve with a pneumotachygraph connected to the expiratory port of the valve. Air was removed from the valve chamber at a constant rate and sampled by rapidly responding oxygen and carbon dioxide analyzers. The pressure transducer (Statham P231D) was positioned approximately at the midheart level (i.e., midway between the sternal angle and the xiphoid process), and this level served as the zero reference throughout the protocol for measurements of pulmonary capillary wedge pressure and pulsatile and mean pulmonary arterial pressure (PAP). Pulsatile pulmonary arterial and pulmonary capillary wedge pressure data reported herein were obtained at the end of expiration. At this point in the respiratory cycle, intrathoracic pressure is close to atmospheric pressure and therefore the intravascular pressures measured with respect to atmosphere come close to approximating transmural pressures. Cuff blood pressure and mixed venous blood oxygen content and lactate concentration were measured at rest and during the last minute of each stage. Timed expired gas collections were also obtained at rest and each stage. Finally, arterial oxygen saturation was continuously monitored by an ear oximeter in all patients with pulmonary vascular disease and in all but seven of the patients with heart failure. These seven were deeply pigmented blacks and reliable ear oximetry data could not be obtained. However, because patients with chronic heart failure typically do not experience a fall in oxygen saturation during exercise9' 1 and because the presence of pulmonary disease was excluded, it is unlikely that they would have desaturated durinb exercise. Ear oximetry has been found to closely approximate arterial oxygen saturation over a wide range of saturations (standard error of estimate <3% of arterial oxygen saturation).11
Derivations. From the above measurements, the following quantities were derived: heart rate, oxygen uptake ('tO2, ml/min) from both the breath-by-breath and timed gas collection measurements, and mixed venous oxygen content from the percent oxygen saturation, hemoglobin, and oxygen combining capacity. Systemic arterial oxygen saturation was assumed to be 98% for those patients who were not monitored by ear oximetry.
Maximum 'O2 (X02max) was considered to have been achieved when '02 increased by less than 1 mllmin/kg after an increment in work. The degree of aerobic impairment, which reflects the severity of circulatory or cardiac failure, was determined by V02max and criteria previously reported from this laboratory8: minimum to no impairment (class A) when VO2max exceeded 20 ml/min/kg; mild to moderate impairment (class B) when )'02max was between 16 and 20 ml/min/kg; moderate to marked impairment (class C) when 'vf2max was between 10 and 16 ml/min/kg; and severe impairment (class D) when X'02max was less than 10 ml/min/kg. Cardiac output (CO, liters/min) was calculated by the Fick principle, and pulmonary vascular resistance (PVR, dyne-sec-cm-5) was obtained by dividing the mean pulmonary vascular pressure drop (see below) by cardiac The treadmill program is identified by stage, speed (mph), and percent grade. AClass is based on maximum 02 uptake being >20 ml/min/kg (A), > 16 and <20 ml/min/kg (B), > 10 and < 16 mllmin/kg (C), and <10 ml/min/kg (D).
BAtrial fibrillation.
output and multiplying the result by the unit conversion factor, 80. The average closure pressure for the entire pulmonary vascular bed was estimated as follows: CO and mean PAP data at rest and for each level of exercise were plotted and the best fit line determined by linear regression. The extrapolated, zeroflow pressure intercept of this relation, which has been shown to represent the average closure pressure for the pulmonary circulation,' was then used as an estimate of closure pressure. It should be noted that because the CO-mean PAP relation becomes nonlinear as CO approaches zero, the closure pressure is greater than the actual zero-flow pressure intercept. In fact, Graham et al.2 have shown the average closure pressure to be approximately equal to the true zero-flow pressure plus the alveolar pressure. Finally, this intercept pressure was compared with the resting pulmonary wedge pressure to determine which pressure was greater and should be used as the downstream pressure when calculating the pressure gradient. Statistical analysis. All combined results are presented as mean ± 1 SD. Linearity of a relationship was assessed on the basis of the correlation coefficient being greater than .9. Comparison of regression line slopes and intercepts were made according to the method described by Brownlee.'2 Intergroup comparisons of resting data were made by the one-factor analysis of variance and the modified t test. 13 Intragroup comparisons were performed with the t test for paired data. Statistical significance for all comparisons was taken to be, according to the Bonferroni method, at a level of p < .05/m, where m is the number of comparisons.'3
Results
Response in pressure and flow to exercise. Patients with cardiac disease were divided into two groups (see tables 2 and 3) according to whether their resting mean PAP was less than or greater than the upper normal value of 19 mm Hg (groups I and II, respectively). Patients with pulmonary vascular disease were consid-1272 ered separately as group III (see table 4 ). Oxygen saturation in the patients with heart failure (groups I and II) never fell below 90%. There were, however, four patients from group III (Nos. 46, 49, 50, and 51) who were found to have significant desaturation (i.e., oxygen saturation <80%) during exercise; three-fourths had severe gas transfer abnormalities (see Methods) with either restrictive (patient 50) or obstructive (mild, patient 46; moderate, patient 49) lung disease. Nevertheless, all patients, regardless of their disease, were able to exercise beyond their anaerobic threshold and most attained their maximum oxygen uptake. The resting hemodynamics of the upright patients in each group are summarized below.
Group I consisted of 12 patients with normal resting PAP and wedge pressure of 21 + 4/10 ± 3 mm Hg (mean 14 ± 3) and 8 ± 4 mm Hg, respectively. The 30 group II patients had significantly higher PAPs (42 ± 9/24 + 8 mm Hg, mean 32 ± 8) in association with significantly higher pulmonary wedge pressures (21 ± 3 mm Hg). Group III patients, on the average, had a significantly greater PAP (63 ± 25/35 ± 12 mm Hg, mean 43 + 16) than did groups I and II. However, the average pulmonary capillary wedge pressure (8 + 5 mm Hg) did not differ statistically from that of group I. The resting CO did not differ among the three groups, with average values of 3.8 ± 1.4, 3.5 ± 1.2, and 3.4 ± 0.7 liters/min for groups I, II, and III, respectively.
The average group responses to exercise in terms of systolic, diastolic, and mean PAP, pulmonary capil- follow that of pulmonary capillary wedge pressure. Regression line analysis revealed a close correlation (range of r, .85 to .92) between PAP (i.e., diastolic, mean, and systolic) and pulmonary capillary wedge pressure for these two groups, while for group III the correlation coefficients were all less than .60. If, instead of grouping the patients with heart failure by mean PAP they are grouped by etiology, similar results are obtained (range of r, .70 to .92). The three lowest correlation coefficients of .70, .78, and .83 were obtained for the patients with valvular heart disease when systolic, mean, and diastolic PAPs were correlated, respectively with pulmonary capillary wedge pressure. All other correlation coefficients were greater than .86. Pressure-flow relationship during exercise. The number AHypoxemia during exercise.
of data points per patient ranged from three to 11, averaging six. The relationship between mean PAP and CO during exercise was linear (i.e., r > .9) in most (69%) of the patients. As can be seen in tables 2, 3, and 4, the individual correlation coefficients were greater than .9 in 11 (92%) group I, 17 (57%) group II, and eight (89%) group III patients, whereas only four (13%) patients from group II and one (11%) patient from group III had values less than .8. The average pressure-flow relationships (mean PAP-cardiac index) for each group are given in figure 2 along with the slope ( ± 95% confidence limit) and average closure pressure exceeded the resting pulmi nary capillary wedge pressure in these patients, tl resting pulmonary capillary wedge pressure was cor pared with the extrapolated y-intercept pressure fi each patient. The results are shown in figure 3 . Eight two percent of the points lie on, or to the left of, t] line of identity, indicating that the resting pulmona capillary wedge pressure was equal to or exceeded ti average closure pressure. Accordingly, pulmona capillary wedge pressure was used as the downstrea pressure in calculating the pressure drop and vascul resistance of the pulmonary circulation. Of the nine patients whose data fell to the right of ti line of identity, none were from group I, seven we from group II, and two were from group III. Two of tl group II patients (Nos. 15 and 17) were function class C, whereas the other five (Nos. 26, 28, 29, 3 and 36) were class D. As can be seen from table 3, tl etiology of all but one (i.e., patient 28, ischemic hea disease) was a cardiomyopathy. The two patients fro group III (Nos. 50 and 51) belonged to the subset four patients who developed hypoxemia during exe cise (see table 4 ). PVR during exercise. In tables 2, 3, and 4, PVR vc ues at rest and during peak exercise are listed for ea( of the patients in groups I, II, and III, respectively. i can be seen from the average values, there was a trend 1. 6 for PVR to decrease modestly (17%, 21%, and 8% in groups 1, 11, and III) during exercise. The amount of decrease ranged from 10 to 170 (avg. 60), 5 to 300 -5 (avg. 90), and 20 to 290 (avg. 75) dyne-sec-cm-5 respectively, for the three groups. However, only the decrease in group II reached the level of statistical significance (p < .025). Within group I, it was only the patients with valvular heart disease (Nos. 1, 4, 6, and 8) who did not exhibit a decrease in PVR with exercise. Thus, when the six cardiomyopathic patients are considered separately they are found to have a significant (p < .04) decrease (28%) from 180 ± 75 to 130 ± 50 dyne-seccm 5. The average PVR for the patients with valvular heart disease remained essentially constant from rest (114 + 105 dyne-sec-cm-5) to peak exercise (105 ± 35 dyne-sec-cm-5).
In group II there were three patients with valvular heart disease (Nos. 24, 32, and 40), and in the two with ad complete data (Nos. 32 in 78% of the patients with ischemic heart disease did not reach the level of significance. Group III patients who had an invariant or increasing PVR during exercise (Nos. 43 and 44) had resting PVR in excess of 850 dyne-sec-cmand were functional class D. As can be seen, a decrease in PVR from rest to peak exercise was obtained in the four patients who developed hypoxemia during exercise.
Discussion
Pulmonary hypertension is said to exist when the resting mean PAP exceeds 19 mm Hg or when the resting peak systolic pressure is greater than 30 mm Hg.4 The most common causes of pulmonary hypertension are left ventricular failure with its accompanying increase in pulmonary venous pressure, and pulmonary vascular disease with its increase in resistance to flow. The patients and the grouping criteria used in this report created three groups: group I, heart failure with normal pulmonary arterial and venous pressures; group II, heart failure with abnormally high pulmonary venous pressure; and group III, pulmonary vascular disease without left heart failure. Thus, the two most common causes of a hypertensive pulmonary circulation were represented in this study.
To characterize the hemodynamic behavior of the pulmonary circulation, upright progressive treadmill exercise to exhaustion was used as the test. The respiratory impairment present in several of the group III patients did not prevent them from exercising to levels associated with anaerobic metabolism and lactate production. In our laboratory, a lactate level in mixed venous blood that is greater than 12 mg/dl is assumed to indicate lactate production. The onset of lactate production and the appearance of the anaerobic threshold by respiratory gas exchange criteria are closely related and, in a given patient, occur during the same stage of exercise.' Accordingly, all patients were able to exercise beyond the anaerobic threshold and most attained their V02max. For groups I, II, and III, these maximal levels of work were associated, on the average, with increases in cardiac index of 3.1, 1.9, and 2.6 times the average resting value, which was essentially the same for the three groups. The fact that group II patients had the smallest increase in CO reflects their greater degree of circulatory dysfunction. Thus the group II patient typically could complete only 4.7 stages of exercise, whereas the group I and group III patient averaged 7.4 and 5.1 stages, respectively.
It should be emphasized that pulmonary vascular disease indirectly impairs the heart's Ibility to meet the oxygen demands of the body and therefore can be considered to represent a form of circulatory failure. For example, our patients with severe pulmonary vascular disease (i.e., PVR >850 dyne-sec-cm 5) were found to be functional class D on the basis of their VO2max being less than 10 ml/min/kg. Functionally, they performed at a level similar to the patient with severe cardiac failure. Therefore, since the functional status of patients in group III ranged from class B to class D, it is not surprising to find their average CO response to be somewhere between those of groups I and II. In all patients, PAP increased with each increment in work. However, the amount by which it increased and the maximal levels were group dependent, being lowest in group I and greatest in group III. In fact, the systolic and mean PAPs attained by group III patients during maximal exercise typically reached or exceeded systemic levels.
With the exception of very low pressures and flow, the relationship between mean PAP and flow (cardiac index) has been shown to be linear over a wide range of flows in dog2 and pig' isolated lung preparations and in left lung segments of the intact dog.3 Whether the exercise mean PAP-cardiac index relationship in normal man is also linear is less certain. Fowler4 found, after averaging group values for pulmonary flow and pressure, the pressure response to changes in flow to be linear. However, there was considerable individual variation; in one of the studies reviewed,'4 all of the individual pressure-flow plots were nonlinear.
To the best of our knowledge, the exercise mean PAP-cardiac index relationship for patients with circulatory dysfunction has not been systematically analyzed from rest to maximum exercise capacity. Moreover, in studies where mean PAP-flow data were reported for patients with heart disease,5' 6 rest and only one to two data points with increased flow are presented per patient, thus making the assessment of linearity difficult. In the present study an average of six data points (i.e., rest and exercise) per patient were ob-tained. The results indicated that the mean PAP-cardiac index relationship tended to be linear; in only five patients was the correlation coefficient less than .8.
At maximal exercise the resting pulmonary capillary wedge pressure had increased by an average total amount of 14, 16, and 10 mm Hg in groups I, II, and III, respectively. Although similar increases have been reported in patients with chronic cardiac failure of diverse etiology,8 little is known regarding the wedge pressure response of the normal left ventricle during upright exercise. Thus it is not clear to what extent the group III response was abnormal.
In healthy young men and women performing supine exercise, Ekelund and Holmgren'5 found mean wedge pressure to increase from 8 to 13 mm Hg as CO rose from 5 to 20 liters/min. In elderly normal men (i.e., >61 years), they frequently observed a 10 to 15 mm Hg increment to levels in excess of 20 mm Hg. Based on observations regarding stroke volume and body position,"5 one would predict some differences in the wedge pressure response obtained during supine and upright exercise. When the position is changed from supine to standing, there is a decrease in the enddiastolic size of the heart and in stroke volume. Then, with progressive muscular work, stroke volume increases to the level observed in the recumbent position. Accordingly, wedge pressure in the upright position would be lower at rest and during mild exercise than that in the supine position; at higher levels of work, the difference, if any, would be much smaller. Therefore the normal increase in wedge pressure from rest to peak upright exercise would be expected to exceed the 5 mm Hg increment obtained during supine exercise.
In the upright position, the increases in stroke volume contribute to the exercise-induced elevation in CO only at the onset of exercise. Then, as workload increases further, changes in heart rate account for most of the subsequent increases in CO. Thus the Frank-Starling mechanism is minimally used during exercise. This appears to be at odds with the observations concerning the wedge pressure response during supine or upright exercise unless the increases in pulmonary capillary wedge pressure were in part the result of the pericardium imposing a mechanical constraint to short-term enlargement of the heart and enhancing the mechanical interplay or interaction between the left and right heart. 16 17 If this were so, the wedge pressure measurement would include the increase in intrapericardial pressure. The degree to which the wedge pressure response of group III was abnormal is explainable by this mechanism. That is, right ventricular distension, which accompanies large, exercise-induced in-creases in right ventricular pressure, causes a shift in the left ventricular diastolic pressure-volume relation via ventricular interaction and the pericardium so that a given volume is associated with a higher wedge pressure.
As discussed above, the mean PAP-flow relationship of the pulmonary vasculature has been found to be linear except at very low flows. In this nonlinear region, the slope was much steeper than that of the linear region. As a result, the y-intercept pressure obtained by extrapolating the linear curve to the y-axis was always greater than the actual zero flow pressure.2'3 Recently Graham et al.2 reported the zero-flow PAP for normal lungs to be approximately 7 mm Hg and invariant with respect to the level of alveolar pressure; the latter varied from 3 to 11 mm Hg in their isolated lung preparation. Because the transmural pressure was positive for most of the alveolar pressures, they concluded that 7 mm Hg represented the critical closure pressure as defined by Burton.'8 In contrast, Hyman3
reported the PAP at zero flow to be only 3.5 mm Hg, and West and Dollery'9 concluded the critical closure pressure of the canine pulmonary vasculature was negligibly small.
Although controversy exists regarding the magnitude of the critical closure pressure, there is little doubt that the linear portion of the mean PAP-flow relationship and the extrapolated pressure are shifted upward with hypoxia' and as alveolar pressure is increased. 2 20 Mitzner and Sylvester' on the basis of a parallel-channel Starling resistor model of the pulmonary circulation, have reasoned that the extrapolated y-intercept pressure is equivalent to the average closure pressure of the vascular bed. In our study, the resting wedge pressure was found to equal or exceed the extrapolated y-intercept pressure in most of the patients. There were, however, nine patients in whom this was not the case. Because the extrapolated pressure is shifted upward with hypoxia, this was expected for the two patients from group III who developed hypoxemia during exercise. For the seven patients from group II, and in particular the five who were classified as functional class D, an elevated interstitial pressure may be present, which would result in an abnormally high average closure pressure. Accordingly, in these nine patients it may not have been appropriate to use the wedge pressure as the downstream pressure when calculating the PAP gradient and vascular resistance. However, this still remains an unsettled issue. Harris et al.,20 for example, observed pulmonary venous pressure to increase by the same amount as alveolar pressure. Moreov-er, because the wedge pressure increases during exercise, the difference between wedge and extravascular pressure would be continually increasing. Therefore the wedge pressure was used as the downstream pressure in this study.
The PVR in the majority of the patients decreased during exercise. This was particularly true for the patients with heart failure caused by a cardiomyopathy (19/23) or by ischemic heart disease (7/9) and for the patients with pulmonary vascular disease whose resting PVR was less than 850 dyne-sec-cm-. In contrast, a decline in PVR was observed in only half of the patients with valvular heart disease. Harris et al.20 also noted a similar, although not statistically significant, tendency for PVR to decrease in the supine patient and predicted that more substantial changes might occur with the patient upright. An explanation as to why an increase in PVR occurred with exercise in some of the patients is not apparent from the data. That is, they could not be distinguished on the basis of their etiology, functional class, or hemodynamics.
If one assumes PVR to be proportional to 1/(effective pulmonary vascular area), then the exercise-induced reductions in PVR were associated with increases in effective area of 5%, 6%, and 2% for groups I, II, and III, respectively. Although these do not indicate, per se, whether the increases in pulmonary vascular area were the result of passive and/or active processes, the magnitude of increase and the fact that both pulmonary arterial and venous pressures increase during exercise suggest that the increase in pulmonary vascular area is predominantly a passive process secondary to recruitment and distension. The findings of Borst et al.2' in the isolated, in vivo lung preparation and those of Hopkins et al. 22 in the conscious dog support this view. Both groups reported that PVR decreased after short-term increments in left atrial pressure. An analysis of the impedance spectra revealed capillary recruitment had occurred as a result of acute pulmonary venous hypertension. 22 Borst and co-workers also found a reduction in resistance as PAP was elevated and left atrial pressure held constant. This effect on resistance, however, was not as great as that seen with increments in left atrial pressure. Thus, if the exercise induced reductions in PVR are assumed to be the result of a passive increase in the effective vascular area, then the pulmonary circulation of those patients with an invariant PVR behaved as a rigid system. In summary, hemodynamic data obtained during upright, progressive treadmill exercise were used to estimate the average closure pressure of the pulmonary vascular bed and to characterize the pressure-flow and pressure drop-flow relationships in the pulmonary cir-culation of patients with and without pulmonary arterial or venous hypertension of different degrees of severity and etiology. In the majority of patients the results indicated that: (1) the mean PAP-flow relationship was linear; (2) pulmonary capillary wedge pressure was greater than or equal to the average closure pressure and could therefore be used as the downstream pressure in calculating PVR; and (3) PVR declined with exercise. We are grateful for the dedicated technical assistance of Thomas Nusbickel, David Ward, and Virginia Andrews.
